Colloidal particles can assemble into ordered crystals, creating periodically structured materials at the nanoscale without relying on expensive equipment. The combination of small size and high order leads to strong interaction with visible light, which induces macroscopic, iridescent structural coloration. To increase the complexity and functionality, it is important to control the organization of such materials in hierarchical structures with high degrees of order spanning multiple length scales. Here, we combine a bottom-up assembly of polystyrene particles in the presence of a silica sol-gel precursor material (tetraethylorthosilicate, TEOS), which creates crack-free inverse opal films with high positional order and uniform crystal alignment along the (110) crystal plane, with top-down microfabrication techniques. We create micron scale hierarchical superstructures having a highly regular internal nanostructure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 with precisely controlled crystal orientation and wall profiles. The ability to combine structural order at the nano-and microscale enable us to fabricate materials with complex optical properties arising from light-matter interactions at different length scales. We design a hierarchical diffraction grating that combines Bragg reflection arising from the nanoscale periodicity of the inverse opal crystal with grating diffraction resulting from a micron-scale periodicity.
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Introduction
Colloidal self-assembly is widely appreciated as an experimentally simple, low-tech process to create well-defined nanostructures. [1] [2] [3] Owing to their high order and periodicity at a length scale comparable to the wavelengths contained in the optical spectrum, colloidal crystals can interact strongly with visible light. The periodic modulation of the refractive index in opaline materials gives rise to a photonic bandgap with a spectral location that depends on the period and material composition of the colloidal crystal. This results in high intensities of reflected light in the wavelength range corresponding to the range of frequencies within the bandgap. The position of the bandgap can be varied, for example by changing the size of the colloidal particles used in the crystal's creation or by altering composition or shape. [4] [5] [6] Moreover, colloidal crystals can be used as sacrificial templates to fabricate inverse opals. Like their direct opal analogues, inverse opals possess interesting optical properties and have been extensively used in photonic applications. [4] [5] [6] [7] [8] The well-defined, interconnected porosity at the nanoscale further allows for applications in various fields, including wetting, [9] [10] [11] [12] , (photo)catalysis, [13] [14] cell culturing, [15] photovoltaics, [16] [17] energy storage, [18] [19] [20] and sensing [5, 9, [21] [22] . Most of these applications simplistically utilize inverse opals as thin films.
Precise spatial control of colloidal assemblies in hierarchical structures spanning multiple length scales can enable more advanced applications, for example multiplexed and miniaturized sensing devices, [23] pixelated arrays of structural color units, [24] [25] [26] miniaturized 3 photonic elements, [27] or micro-structured electrodes with high surface area. [19] Furthermore, a hierarchical design may enable us to alter or to enhance the optical properties of such selfassembled structures by combination of the photonic band gap properties with reflective, scattering or dispersive elements, with a potential to mimic complex structural colors found in nature. [28] [29] The assembly of hierarchical colloidal crystal structures can be controlled from the bottom up by pre-patterning the substrate with a desired topography. [30] [31] [32] [33] [34] [35] [36] If the topography is chosen to match the symmetry of the colloidal crystal, highly ordered, hierarchical structures result. [33, [36] [37] If the imposed topography interferes with the overall lattice orientation, the crystal growth is frustrated, leading to disorder and cracks. [36] As a consequence, the quality of the crystal is significantly reduced.
If the order in the colloidal assembly is to be maintained for any desired structural feature, the assembly process must be separated from the patterning. This can be achieved by using top-down, microfabrication techniques such as photolithography, [25, [38] [39] [40] , microcontact printing, imprinting and stamping, [26, [41] [42] or inkjet printing. [43] . In these approaches, defects in the crystal structures can be created by curvature or patterning protocols, be inherited from the assembly process or mechanical treatment and include polycrystallinity arising from different nucleation sites, cracks and over-or underfilled pore structures when replicated into inverse structures.
Here, we use a co-assembly method to crystallize polymer colloids in the presence of tetraethyl-orthosilicate (TEOS), which has been shown to result in well ordered, crack-free inverse opal thin films with open and interconnected pores at square centimeter dimensions. [44] Most remarkably, the assembled structures show single crystal orientation throughout the substrate arising from a preferred growth along the (110) crystal plane. [36, 44] To preserve the order, we apply photolithography and reactive ion beam etching in a post-4 assembly step to fabricate arbitrarily shaped hierarchical superstructures and patterns that possess an equally high degree of order and crystal orientation.
Results and Discussion
Figure 1a schematically shows the fabrication of the hierarchical inverse opal superstructure.
We crystallize polystyrene colloidal particles by evaporative assembly in the presence of a silica sol-gel precursor (TEOS). After calcination at 500°C, we obtain a highly ordered, iridescent inverse opal thin film with oriented crystallinity throughout the substrate. [36, 44] We then infuse the porous matrix with a photoresist that has refractive index closely matching that of the surrounding silica. The resulting full infiltration of the pores by the resist is indicated by the disappearance of the iridescence. [9, 45] The resist-filled crystal is UV-exposed through a mask with the desired structural pattern. Since the pores are all filled with the index-matched photoresist, scattering of UV-light is prevented, leading to high quality photolithographic patterns without blurring of features. We thus create a protective photoresist layer covering selected parts of the substrate. Anisotropic reactive ion beam etching is then used to mill into the substrate, removing the inverse opal structures at all unprotected areas. In a final calcination step, photoresist residues are removed, yielding a pattern of highly ordered, inverse opal superstructures.
The etching depth can be precisely controlled via the etching time, allowing us to remove individual layers of the inverse opal (Figure 1b) . The minimum obtainable feature sizes are defined by the resolution of photolithography and the reactive ion beam etching step:
for straight line patterns, we find a selective vertical etching along the (111) cleavage plane of the substrate to produce a characteristic trapezoidal wall profile (Figure 1c ), which we attribute to the minimal amount of mass that needs to be removed along that plane. This etching characteristic leads to 60° vertical incline at the edges, giving us a reproducible threedimensional morphology of the patterned inverse opal. Simple geometric considerations photoresist and exposed to UV light to create a pattern (ii). The inverse opal/photoresist hybrid structure is developed, removing the photoresist from the porous structure at the exposed substrate areas (iii). Anisotropic reactive ion beam etching is used to remove all unexposed parts (iv). After calcination to remove photoresist, the inverse opal superstructure is formed (v). B) Patterned inverse opal with a step size of one colloidal layer, The preferential growths of the co-assembled colloidal crystals film along the (110) plane generates inverse opal films with high crystal alignment, [36, 44] which can be transferred into the hierarchical pattern by aligning the photolithography mask at a controlled angle (e.g.
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Order and crystal alignment throughout the complete structure is further highlighted in high magnification images of selected regions (Figure 3b-d Since the order of the colloidal assembly is retained in the generated hierarchical structures, they also maintain their distinctive structural coloration. The wavelength of constructive interference changes with the incident angle, giving the inverse opals their vivid iridescence. This color shift allows us to create complex, micron-scale structures with dynamic coloration (Figure 4) . We design arbitrary, micron scale "artworks" and illuminate the structure under a microscope. With an illumination normal to the surface, the structures show green (top, 250 nm colloids used as template) and red colors (middle, bottom, 320 nm colloids) depending on the size of the colloids ( Figure 4B ). The variation of color in the top image of Figure 4b arises from changes in crystal thickness. [9] As expected, the observed color shifts into the blue part of the spectrum with increasing light incidence angles ( Figure   4c ). Additional levels of complexity may be introduced to the system by tailoring liquid infiltration by means locally changing the surface chemistry [45] or locally modifying the color by changing the pore sizes, for example using atomic layer deposition. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 represents an individual spectrum. The spectra were taken for incident light normal to the surface (C) and at an angle of 30° relative to the surface normal (D). The hierarchical structure shows multiple diffraction orders, visible as straight lines in the figure. E,F) Wavelength-dependent intensity, taken along the first five diffraction orders. As a result of the inverse opal structure, the light intensity in these individual orders is modulated and shows enhanced intensity at the Bragg diffraction peak, which shifts with increasing incident light angle .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The distribution of light intensity in the individual diffraction orders shows the fingerprint of the second optical element present in the hierarchical material -the inverse opal. The photonic bandgap, arising from the nanoscale periodicity of the colloidal crystal, is encoded in all individual diffraction orders and, as expected, blue-shifts with increasing angle of incident light. In Figure 5c , enhanced reflected intensity is detected around 500 nm for all diffraction orders. This signature of the Bragg diffraction peak shifts towards 420 nm when the angle of incident light is changed (Figure 5d ). Figure 5e ,f presents the wavelengthdependent intensity, extracted along the first five positive diffraction orders for both incident angles. Again, the incident angle-sensitive signature of the Bragg diffraction peak is clearly visible at 500 nm (0° incident light, Figure 5e ) and 420 nm (30° incident light, Figure 5f ) in all diffraction orders.
Conclusions
In conclusion, we have exploited the high order and aligned crystal orientation found in inverse opals assembled from polymeric colloids in the presence of TEOS to create superstructures by a combination of photolithography and reactive ion beam etching of the pre-assembled, highly ordered inverse opal films. The uniform crystal orientation across the entire patterned area remains unaltered in the produced hierarchical structures and can be controlled by orienting the lithographic pattern at an arbitrary angle relative to the underlying single crystal, allowing us to precisely align different crystal planes within the individual hierarchical elements. In addition to the resolution of the lithographic procedure, the minimal structural feature width (coupled with the feature height) is limited by the anisotropic trapezoidal etch mechanism that follows (111) cleavage planes of the crystal and undercuts the tips of the smallest features. These hierarchical structures show angular-dependent structural coloration which we exploit to create dynamic, real color images at micron scale.
Furthermore, the control of order and periodicity at multiple length scales allows creating 
Experimental section
Preparation of inverse opals: Polystyrene colloids were synthesized using a surfactant-free emulsion polymerization following a protocol from literature.
[48] Inverse opals were synthesized by a coassembly process with tetraethyl orthosilicate (TEOS). [44] PS colloids were added to 20 ml water to make a 0.1% solid content. 150 μl of pre-hydrolyzed TEOS solution (1:1:1.5 by volume of TEOS : 0.1 M HCl : ethanol, stirred for 1 h at room temperature) was added and the mixture was sonicated for 5 min. A cleaned silicon wafer (exposed to acid piranha for 45 min and extensively rinsed with water) was vertically suspended in the vial and placed inside the oven for several days for the solvent to evaporate completely. A vibration-free oven set to 65°C was used for the co-assembly process. After complete solvent evaporation, a single-domain opal film with silicon dioxide filling the interstitials was left on the wafer substrate. Calcination for 5 h at 500 °C with a defined heating ramp of 2 °C per minute and a cooling time to room temperature in 3 h resulted in high quality inverse opal film. Deionized water was used from a Milli-Q system, ethanol was purchased from Koptec and all other chemicals were purchased from Sigma Aldrich. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Samples were rinsed with ethanol and IPA. To remove the protective photoresist layer, the samples were calcined for 5 h at 500 °C with a defined heating ramp of 2 °C per minute and a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Supporting Information Supporting Information is available from the Wiley Online Library or from the author.
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